A catalytic spectrophotometric method for the determination of traces of copper(II) is proposed. 3-Methyl-2-benzothiazolinone hydrazone (MBTH) is oxidized by hydrogen peroxide to form a yellowish-brown compound. The reaction is accelerated by trace amounts of copper(II), and can be followed by measuring the increase in the absorbance at 390 nm. Since the absorbance at 40 min from the reaction start increases with an increase in the copper(II) concentration, the absorbance value is used as a parameter for copper(II) determination. Under the optimum experimental conditions (8.4 × 10 -3 mol dm -3 MBTH, 0.7 mol dm -3 hydrogen peroxide, pH 5.2, 35˚C), copper(II) can be determined in the range 0 -50 µg dm -3 . The relative standard deviations are 6.9, 3.5, 2.7% for 2, 20 and 40 µg dm -3 , respectively. The detection limit of this method (3σ) is 0.27 µg dm -3 . It was successfully applied to a determination of copper(II) in river water, tap water and ground-water samples. According to the results of a kinetic study, a mechanism is proposed which leads to the following rate equation: R0cat = kK1K2[MBTH
Introduction
Since copper occurs at low concentration levels in many natural water samples, a sensitive method is required for the determination of trace copper ions in such samples. Many methods [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have been reported for copper determination, which include spectrophotometric detection, 1 flow system with in-line separation/preconcentration coupled to graphite furnace atomicabsorption spectrometry, 2 and atomic absorption spectrometry. [3] [4] [5] [6] Among them, the kinetic-catalytic method gives high sensitivity and sufficient accuracy without the need for expensive and special equipment. [7] [8] [9] [10] [11] [12] [13] Various indicator reactions for the kinetic-catalytic determination of copper have been reported. Lopez et al. proposed a method for the determination of 25 -380 µg dm -3 levels of copper(II) by using an aerial oxidation of dimedone bisguanylhydrazone in the presence of pyridine as an activator. 7 Teshima et al. reported a method for the determination of copper(II) in the range 0.1 -10 µg dm -3 based on its catalysis on the redox reaction of cystein with iron(III) in the presence of 1,10-phenanthroline. 8 Nakano et al. have developed a catalytic method for the determination of 0.1 -2.0 µg dm -3 of copper(II) by using the color formation of N-phenyl-p-phenylenediamine with m-phenylenediamine in the presence of pyridine and ammonia as activators. 9 On the other hand, most of the studies on kinetic-catalytic methods have mainly been directed at the development of better analytical procedures and their practical applications, and not much work has been done on a complete understanding of the reaction based on mechanistic studies. The interdependence of the reaction variables in the kinetic methods is commonly rather complicated, but a kinetic mechanistic study gives a better understanding of the reaction process, which may extend the analytical utility of the reactions. [14] [15] [16] [17] [18] In this study, we found that MBTH is oxidized by hydrogen peroxide to form a product having an absorption maximum at 390 nm; this oxidation reaction is catalyzed by trace amounts of copper. Consequently, a kinetic spectrophotometric method for the determination of copper based on its catalytic effect on the MBTH-hydrogen peroxide reaction was developed. The resulting method is both highly sensitive and reproducible. This method has been applied to the determination of copper(II) in tap, river and ground-water samples. This paper also presents the results of a kinetic study of this catalyzed reaction. A mechanism is proposed that is consistent with the experimental results. The proposed mechanism was utilized to derive a rate equation that describes the quantitative behavior of the reaction throughout the range of the conditions studied.
Experimental

Apparatus and reagents
A Japan Spectroscopic Ubest-35 spectrophotometer was used with a thermostated cell holder coupled with a Japan Spectroscopic PTL396S plotter.
The temperature was controlled with a Shibata Science Instrument control unit (CU-85) circulating thermostat bath. For the measurement of absorbance, 1-cm quartz cells were used. In the kinetic study a remote-controlled magnetic Acrobat stirrer (MS Instrument, Osaka, Japan) was installed at the side of the cell holder in the spectrophotometer for mixing a solution in a 1-cm quartz cell.
The water used to prepare the solutions was purified with a 
Procedure for the kinetic determination of copper(II)
To 5.0 cm 3 of a sample solution in a glass-stoppered tube, 0.5 cm 3 of acetate buffer was taken. The mixed solution was then kept at 35˚C in a water bath in order to achieve the required temperature. Then, 1.0 cm 3 of a 5.9 × 10 -2 mol dm -3 MBTH solution (35˚C) and 0.5 cm 3 of 10 mol dm -3 hydrogen peroxide (35˚C) were added into the solution in this order, and the solution was thoroughly mixed. The absorbance of the solution after 40 min from the hydrogen peroxide addition was measured at 390 nm against a water reference. When the reaction was started every 1 min by adding the hydrogen peroxide, forty samples could be treated within 39 min, followed by absorbance measurement every 1 min.
Results and Discussion
Oxidation of MBTH by hydrogen peroxide and the catalytic effect of copper(II)
MBTH was oxidized by hydrogen peroxide to form a yellowish-brown compound. The formation of an oxidized product was accelerated by trace amounts of copper. The reaction could be followed by measuring the absorbance of the product at 390 nm. The absorbance for the copper solution increased with an increase in the reaction time, and reached a maximum value at a given time after adding the hydrogen peroxide solution ( Fig. 1 (a) , curves I, II). On the other hand, the absorbance for the blank solution increased gradually with the reaction time ( Fig. 1(a) , curve III). Since the maximum absorbance increased with the increase in the copper(II) concentration, this value was used as a parameter for the copper determination.
The absorbance-time curves for the copper solution reached the maximum according to the copper concentration, and the values were kept for several tens of minutes. This fact suggests that the catalytic effect of copper ion had been lost at the maximum absorbance. The inactivation of the catalytic effect of copper ion was confirmed by following experiments. To the reaction mixtures for both uncatalyzed and catalyzed reactions, copper, MBTH and hydrogen peroxide solution were added, respectively, at 120 min after the reaction started (arrows in Fig.  1(a) ). Although an additional increase in the absorbance took place upon the addition of a copper solution, no additional increase in the absorbance was observed upon adding the hydrogen peroxide and MBTH solution ( Fig. 1 (a) , dotted line).
After several tens of minutes from the reaction start, a brownish substance could be found in the reaction mixture, which may have been an oxidation product of MBTH. It can be considered that the copper ion was adsorbed on the substance and lost its catalytic activity.
Effect of reaction variables
The influence of the temperature on the maximum absorbance was studied in the range 25 -45˚C under conditions otherwise as in the recommended procedure. Although higher sensitivity was obtained at higher temperature, at higher than 40˚C the absorbance for the uncatalyzed reaction became considerably higher. A temperature of 35˚C was chosen because of the lower blank value and of the convenience for adjusting the temperature throughout the year. The time required for the absorbance to reach the maximum was 40 min at 35˚C; the time was gradually reduced with an increase in temperature. A reaction time of 40 min was selected.
The effect of the pH on the maximum absorbance was examined over the range 4.2 -5.5. The results are shown in Fig.  2(a) . The maximum absorbance for the copper increased with increasing pH, and became constant at pH values higher than 5.0, while no significant changes in the maximum absorbance for a blank solution were observed over the pH range examined. A pH of 5.2 was chosen. The maximum absorbance rose with increasing the MBTH concentration in both the presence of copper and in its absence. Since the effect was more pronounced for a catalyzed reaction, a higher sensitivity could be realized at higher MBTH concentrations (Fig. 2(b) ). A value of 8.4 × 10 -3 mol dm -3 was chosen by considering the sensitivity and the solubility of this reagent. The maximum absorbance increased with an increase in the hydrogen peroxide concentration (Fig. 2(c) ). The sensitivity of this method increased with an increase in the hydrogen peroxide concentration in the range of 0.1 -0.4 mol dm -3 ; above 0.4 mol dm -3 the sensitivity remained nearly constant. A hydrogen peroxide concentration of 0.7 mol dm -3 was chosen.
Kinetics of the copper-catalyzed reaction between MBTH and hydrogen peroxide
Since the inactivation of copper ion during the reaction was suggested, a kinetic investigation of the copper-catalyzed reaction was carried out by the initial-rate method, in which the initial slopes of the reaction curves (d(Abs.)/dt = R0) were manually determined, and then used as a measure of the initial reaction rate (Fig. 1(b) ). All concentrations given in figures in the kinetic study were the initial analytical concentrations in the reaction mixture at the initiation of the reaction. To determine (Fig. 3) . The coppercatalyzed reaction was first order in copper;
where kapp is the apparent rate constant and a is the intercept on the ordinate, which corresponds to the rate of the uncatalyzed reaction. The kapp was determined at different MBTH concentrations in the range 1.7 × 10 -3 -8.4 × 10 -3 mol dm -3 . As can be seen in Fig. 4 , a straight line obtained by plotting kapp versus MBTH concentration shows that the relation is given by kapp = b [MBTH] , where b is the slope of the line. Thus, the initial rate of the catalyzed reaction, R0cat = R0 -a, is rewritten as
The dependence of b on the hydrogen peroxide concentration was determined at a constant hydrogen ion concentration. The b value increased with an increase in the hydrogen peroxide concentration and a straight line was obtained by plotting b -1 versus [H2O2] -1 ( Fig. 5(a) ). The linearity of the plots leads to the following relation:
where c is the slope of the line and d is the intercept on the ordinate of b -1 versus [H2O2] -1 plots. Thus, the following relation is obtained:
Equation (4) was suggested. In the lower concentration range of H2O2, the equilibrium is shifted to the right with an increase in the H2O2 concentration. Finally, almost all copper ions had formed complexes with H2O2 and a further increase in the H2O2 concentration had no effect on the reaction rate. The obtained values of c and d were 1.6 × 10 -6 mol 2 dm -6 s and 8.7 × 10 -6 mol dm -3 s, respectively.
The dependence of hydrogen ion on b was determined at constant hydrogen peroxide concentration. As can be seen in Fig. 5(b This kinetic behavior suggests a release of hydrogen ion.
Mechanism of the copper-catalyzed reaction between MBTH and hydrogen peroxide
The mechanism which is consistent with the rate measurements is thought to be the following:
where P may be an intermediate converting rapidly to the yellowish-brown product and copper ion through several steps. The formation of the yellowish-brown compound proceeds in according to the pathway shown by Eqs. (6) (10) 
At constant [H2O2], Eq. (11) is of the same form as the experimentally observed Eq. (5), with e given by
As described in Apparatus and reagents section, MBTH hydrochloric acid monohydrate was used in this study; however, the pH value of the "MBTH" solution measured at 5.8 × 10 -2 mol dm -3 was 3.01 ([H + ] = 9.8 × 10 -4 mol dm -3 ). This fact suggested that the protonated MBTH is the main form in the solution (> 98%), and the K1 value, 1.6 × 10 -5 mol dm -3 , was thus calculated as a dissociation constant of the species (Eq. (6)). The values for k and K2 calculated from the experimental values of c, d, e and K1 were 6.8 × 10 3 mol -1 dm 3 s -1 and 5.4 mol -1 dm 3 , respectively. From Arrhenius plots, the activation energy for the copper-catalyzed reaction was calculated to be 76 kJ mol -1 . The proposed mechanism includes a rapid complex formation of copper with hydrogen peroxide (Eq. (7)). To confirm complex formation, the following experiments have been conducted. Various concentrations of copper(II) solutions were added into (i) 0.8 mol dm -3 hydrogen peroxide, (ii) acetate buffer (pH 6.7) and (iii) a mixture of hydrogen peroxide and acetate buffer. The absorption spectra of the solutions were measured over the wavelength range 250 -350 nm against the water reference. When copper(II) solution was added into the mixture of hydrogen peroxide and acetate buffer (iii), an apparent change was observed in the absorption spectrum ( Fig.  6(a) ); an absorption maximum was observed at 310 nm, the value of which was increased with an increase in the copper(II) concentration. On the other hand, no apparent change was observed upon the addition of copper to hydrogen peroxide (i) and buffer solution (ii). The results suggest the copper(II) can form a complex with hydrogen peroxide in a solution having a pH value around neutrality. When a hydrogen peroxide solution was added into a mixture of copper(II) and acetate buffer, the absorbance at 310 nm increased immediately, and reached a maximum value within a few seconds (Fig. 6(b) ). The complex formation reaction of copper(II) with hydrogen peroxide can proceed very quickly under the reaction condition, which is consistent with the proposed mechanism.
The R0 value can also be used as a parameter for copper determination. In a comparison of the absorbance at a given time with R0 as the parameter for copper determination, the sensitivity and reproducibility were almost the same. The linear calibration range for the initial-rate method is wider than that for fixed-time method. On the other hand, the effect of temperature is more serious for the initial-rate method. Thus, we decided to use an absorbance value at a given time as a parameter for copper determination in the current study.
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Calibration graph and reproducibility
A series of standard solutions of copper was treated as in the recommended procedure. The resulting graph showed a slightly negative deviation (Fig. 7) . The relative standard deviations for 12 replicate determinations of 40, 20 and 2 µg dm -3 copper were 2.7, 3.5 and 6.9%, respectively. Copper(I) is oxidized by hydrogen peroxide to copper(II); therefore, copper(I) can also be determined. The calibration graphs for copper(I) were almost identical to those for copper(II) in the same concentration range within the experimental error. The detection limit of this method (3σ) is 0.27 µg dm -3 of copper.
Effect of foreign ions
The effect of various foreign ions on the determination of 20 µg dm -3 of copper(II) was examined by the proposed method. -(1); I -, V(IV) (0.1). The lowest tolerance limit of 0.1 mg dm -3 was observed for iodide and vanadium. However, the interference from these ions can be considered as being not serious, because their content is usually very low in natural water; the iodide 19 and vanadium 20 concentrations of 0.0004 -0.0039 mg dm -3 and 0.0023 -0.013 mg dm -3 were reported for natural water samples, respectively. In some catalytic method for copper determination, iron shows serious interference and a masking agent is used to eliminate it. 9 In the proposed method, iron(III) at a concentration of up to 1 mg dm -3 did not interfere with the determination of copper.
Application to water analysis
The present method was applied to the determination of copper in tap, ground, river and well-water samples without any pretreatment. The determinations were made by diluting the water samples at different times. To examine the recovery of copper, known amounts of copper(II) were added to the samples. The results are given in Table 1 . The values corrected for dilution showed good agreement, and the recoveries of added copper(II) were 93.7 and 105% for tap and ground-water samples, respectively. These samples were also analyzed by atomic absorption spectrometry (AAS) and inductivity coupled plasma spectrometry (ICP). As can be seen in Table 1 , the results obtained by the proposed method showed good agreement with that obtained by AAS and ICP. Found/µg dm -3 Recovery, %
In sample/µg dm -3 Present method Other method Table 1 Copper concentration in water samples (n = 3) a. Atomic absorption spectrometry. b. Inductivity coupled plasma spectrometry. c. Collected at a site in the vicinity of an abandoned copper mine. d. mg dm -3 .
